Alfred Klemm zum 60. Geburtstag gewidmet Reduced partition functions for deuterium-and tritium-substituted H2O, H2S, H2Se, NH3, PH3, AsH3, CH3OH, CH3SH, HCCH, CH3CCH, and HCONH2 have been calculated over the tempera ture range 100 to 1000° K. Isotopic fractionation factors for the exchange of these molecules with H2O have also been computed, and a comparison with experiment is made. The correlation between tritium and deuterium isotope effects is discussed.
I. Introduction
Experimental requirements frequently dictate the use, in a tracer or isotope effect study, of a particular rare hydrogen isotope, either deuterium or tritium. It then may become necessary, for example, in correlating ex perimental results with those obtained by others, to compare the effect of tritium substitution with that of deuterium substitution. Furthermore, for practical rea sons, equilibrium constants for deuterium-protium ex change have been measured in many chemical systems, whereas determinations of the analogous constants for tritium-protium exchange reactions are rare. These latter quantities will be of increasing interest as power pro duction by nuclear fission or controlled thermonuclear reactions becomes more important, since large quanti ties of tritium are either produced or used in these pro cesses.
Consider two isotope exchange reactions, one ex changing protium and deuterium, the other exchanging protium and tritium: (I) 
The use of a's rather than AT's has the advantage that symmetry number factors, which are purely classical and do not lead to isotopic fractionation, are omitted. The theoretical basis for the evaluation of the above equi librium constants was established by Bigeleisen and Mayer2, who show that
The / quantity is a "reduced partition function" defined by the expression In this equation, ut = hvJkT, where vt is a vibrational frequency, T is the absolute temperature, and the sub scripts 1 and 2 refer to the light and heavy isotopes, respectively.
Similar expressions apply to the equilibrium constant Kh/t, and it is convenient to define a new quantity that correlates KH/D and KH/T: r = In KH/T/]n KH/D = In aH/T/ln aH/D. 
Bigeleisen calculated g for several small molecules and found that it had the range 1.33-1.44. This led him to conclude that the second term in Eq. (7) was ^ 0.11, and hence the allowable range in r would be 1.33 to 1.55. However, this neglects the case where aH /D close to unity, and the denominator of the second term in Eq. (7) will be a very small positive or negative quantity. The second term then becomes large, and no limit on r can be established. In fact, it is evident from Eq. (5) that r will approach zero when aH/T approaches unity, and r will approach + co or -00 when <*h/d approaches unity. Subsequently, Stern and Vogel5 computed relative tritium-deuterium kinetic isotope effects for a large num ber of model reactants and activated complexes, and found that anomalous values of r (or its analog in terms of rate constants) were not rare. They also evaluated r for many equilibria, but do not report the results in detail.
With this background of interest in the correlation of deuterium and tritium isotope effects, it appears worth while to examine values of r for several chemical systems of interest from the standpoint of isotopic enrichment.
II. Method of Calculation
Vibrational frequencies and values of / were calcu lated using the Shachtschneider and Snyder6 com puter program as modified by Professor Max Wolfsberg. No corrections for anharmonicity were made, as the necessary vibrational constants are not known for all of the molecular species considered. Wolfsberg and co-workers7 have discussed the possible errors intro duced by this approximation; the neglect of anharmoni city corrections for both molecular species in an ex change reaction appears to be a better approximation than to include them for only one species. An attempt was made to use the best available vibrational force fields of the valence force type, including interaction terms. However, because r is a "second-order" ratio, in terms of partition functions, the sensitivity to force con stant changes should be slight.
The actual molecular geometries, internal coordinates, and force constants used in these calculations are given in the Appendix.
III. Results Ä) HiX Molecules Table I contains values of q for H2O, H2S, and H2Se, together with values of aH/D, aH/T, and r for isotopic exchange with H2O. There are several pertinent com parisons with experiment.
The equilibrium constant for the exchange (III) HD(g) + H20(g) # H2(g) + HDO(g) has been determined8,9; its value is 3.41 or 3.54 at 25 °C. The data in Table I can be combined with q for HD calculated from the vibrational frequencies given by Herzberg10; this leads to a calculated value of 3.85, which is about 10% high. However, from the preceding experimental equilibrium constant and that11 for (IV) HT(g) + H20(g) # H2(g) + HTO(g), K = 6.26 one calculates r = 1.472, compared with a theoretical value of 1.448. This excellent agreement confirms the contention that small errors in aH/D or aH/T will be further reduced in the ratio r. The equilibrium
is of great practical importance in the large-scale pro duction of heavy water. The constant Kw can be convert ed to that for the entirely gas-phase reaction (VI) HDS(g) + H20(g) # H2S(g) + HDO(g)
by multiplication with the ratio of H20 and HDO vapor pressures (1.074 at 25°)12, corresponding to the equi librium (VII) H20(1) + HDO(g) # H20(g) + HDO(l).
Experimental values 13 for Kyi at 25°C are 2.18, 2.20, 2.19, and 2.10, which may be compared with 2.30 in Table I . Using the experimental value of aH/D (gas phase) and the calculated r, one obtains aH/T (gas phase) = 3.032. The ratio of H20 and HTO vapor pressures 14 (1.094 at 25°C) permits one to calculate aH/T (liquid water) = 3.333. For the equilibrium (VIII) HDSe(g) 4-H20(g) # H2Se(g) + HDO(g), the equilibrium constant is 2.6213 at 25°C. compared with the value of 2.84 from Table I . Predicted values of aH/T are 3.90 (gas phase) and 4.27 (liquid water).
B) HiX Molecules
Calculated values of q for NH3, PH3, and ASH3 are given in Table II, Table II. Gutman and Wolfsberg16, combining experimental and theoretical information, have given an expression for the equilibrium constant for the reaction (X) HT(g) + NH3(g) ^ H2(g) + NH2T(g) , from which aH/T = 0.980 at 25°. From this and the ex perimental aH/D, one obtains r -0.700 at this tempera ture, whereas the value in Table II is -1.5703. This is an example of the case where a is very close to unity, the second term in Eq. (7) b This value is for C2H5SH.
C) Methanol and Methanethiol
These molecules were investigated as additional examples of molecules containing the biologically im portant -O-H and -S-H groups. The results are compiled in Table III. As one would anticipate, the isotopic fractionation between water and methanol is predicted to be very small, with aH/D = 0.995 at 25°C. Some early experi mental work19 was done on this equilibrium at 80°C, with both components in the liquid phase:
(XIII) CH3OD(l) + H20(1) ^ CH3OHG) + HDO(l).
The value of 1.039 obtained for aH/D can be converted to the quantity appropriate to the gas phase reaction, using p h2o/^hdo and i'chaoh/^chaod20-This gives ah/d = 0.987, compared with 1.017 in Table III . The predicted value of aH/T is 0.976 for the gas phase, and about 1.03 for the liquid phase, depending on the valuê CH^OHIPCHzOT-This is another example of a system whith a close to unity at a particular temperature, and the value of r is seen to go through a pole at that point.
There is no experimental value for the isotopic frac tionation between water and methanethiol. However, the exchange of ethanethiol was investigated by Hobden, et al.»:
(XIV) C2H5SD(1) + H20(1) # C2H5SHO) + HDO(l).
They also measured relative vapor pressure of the two isotopic mercaptans, and from their data one obtains ah/d (gas phase) = 2.38 (25°C) in exact agreement with th* value calculated for methanethiol. This aggreement is undoubtedly fortuitous; however, a does not appear sensitive to molecular structure. Thus, for nbutanethiol, sec-butanethiol, sec-pentanethiol, and nhexanethiol, values of 2.20, 2.46, 2.14, and 2.37 have been measured (all at 20°)22. All of these are close to the value for H2S, as one would expect if the S-H vibration makes the major contribution to a. The predicted frac tionation factor for tritium exchange (gas phase) is just the value of Table III (3.42), since there is exact agree ment between experiment and calculation for aH/D.
D) Acetylenes
The acetylenic hydrogen atom is sufficiently acidic to undergo base-catalyzed exchange with water. Pyper and Long23 have studied the reaction (XV) C2HD(g) + H20(g) ^ C2H2(g) + HDO(g) and they obtain ocH/D = 1.46 at 25°C. The calculated value (Table IV) is about 10% high. For the correspond ing tritium exchange, one predicts from the experi mental aH/D that aH/T (gas phase) = 1.71 and aH/T (liquid water) = 1.88.
Mahadevan and Monse24 have measured the equi librium constant for the reaction: (XVI) H3CCCD(g) + H20(g) ^ H3CCH(g) + HDO(g) and they obtain a = 1.19 at 25°C, significantly lower than the experimental value for acetylene. By compari son, the value in Table IV is close to that calculated for acetylene, which is what one would anticipate. This dis crepancy should be reinvestigated experimentally.
Table IV also contains calculated values of r and a for the hypothetical exchange of hydrogen in the methyl group of methylacetylene with water. Since there is an "inversion" of aH/D between 100 and 200°K, i.e., a point at which it changes from less than unity to greather than unity, there is a corresponding anamoly in r.
E) Formamide
This molecule was investigated as another example of a molecule containing an -N-H group, and as a possible model for the peptide group in proteins. Un fortunately, the force constant set was not very good, since it was derived from a Urey-Bradley force field. Also, out-of-plane vibrations were not included because force constants were not available. To avoid the calcu lation of frequencies for both eis-and trans-monosubstituted formamides, the values of / were calculated for HCOND2 or HCONT2. The rule of the geometric mean25 indicates that the square root of these quanti ties will be a very good approximation to the exact values of (j2/Ji)/for HCONHD and HCONHT. The only related isotope exchange equilibrium that has been studied experimentally is (XVII) H3CCONHD(l) + H20(1) H3CCONH2(l) + HDO(l).
Brodskii26 obtained a value of 1.02 for ®h/d ^ a tem perature not specified but implied to be 25 °C. Since the relative vapor pressures of the two isotopic forms of aeetamide have not been measured, this is only approx imately comparable with the calculated value of 1.18 given in Table V . Again this is an example of the case when aH/D is close to unity and r is extremely variable.
IV. Discussion
Perhaps the most striking feature exhibited by the data in Tables I to V is the relative insensitivity of g to molecular structure. This is shown again in Figure 1 , where all the calculated values lie within the shaded region. This indicates that for any molecule, a value of / TX accurate to 2 percent or better over the temperature range 100-1000°K can be calculated from the analogous value of / DX, and a mean value of g taken from Fig. 1 . Since many more spectroscopic data are available for deuterium-labeled than for tritium-labeled molecules, this should be a useful approximation.
Figure 1 also shows that neither the high-temperature limiting value of g nor the low-temperature limit (from the Swain approximation) are reached in the tempera ture range of 100 to 1000°K. 
